Temperature-sensitive (ts) mutants of influenza virus strain A/Udorn/72 (H3N2 subtype) with lesions in RNA segment 8 exhibited intrasegmental complementation, and were divided in two complementation groups (HI and H2) on MDCK cells. The nucleotide sequence of segment 8 was determined for three of these mutants. The H1 strains, ICR1629 and SPC45, have a single amino acid substitution in the coding region of the non-structural protein NS 1, whereas the H2 strain, ICR516, has a substitution in the NS2-coding region. With both NS1 ts mutants, the synthesis of two late proteins, the matrix protein (M1) and haemagglutinin (HA), was greatly reduced and NS1 synthesis also decreased at 40 °C (non-permissive temperature) compared to that at 34 °C (permissive temperature). The synthesis of each virus-specific RNA was analysed using a quantitative hybridization method. However, at 40 °C, the levels of individual mRNAs including those for the late proteins, were almost the same as those at 34 °C, and attained the wild-type levels later in the infection (5 h postinfection) when the synthesis of the late proteins and the NS1 protein was severely reduced. The observations suggest that the NS 1 protein, which is a nuclear protein, is involved in some post-transcriptional processes in the synthesis of the late proteins and the NS 1 protein.
Introduction
The genome of influenza A virus consists of eight ssRNA segment, encodes two overlapping non-structural (NS) polypeptides, NS1 and NS2 Lamb & McCauley & Mahy, 1983) . RNA segment 8, the smallest segment, encodes two overlapping non-structural (NS) polypeptides, NS1 and NS2 Lamb & Choppin, 1979) , which are found in infected cells, but not virus particles. The NS2 mRNA is derived from the NS1 mRNA by splicing (Inglis et al., 1980 : Lamb & Lai, 1980 . The functions of these non-structural polypeptides are not yet known.
Several temperature-sensitive (ts) mutants of the NS1 protein have been isolated (Wolstenholme et al., 1980; Koennecke et al., 1981; Biirger et al., 1985; Smith & Inglis, 1985 ; also reviewed in Mahy, 1983) , indicating that the protein is essential for virus growth. In contrast, the reproduction of the virus is not impaired in mutants which have an extensive deletion at the C-terminal region of the NS1 protein (Buonagurio et al., 1984; Norton et al., 1987) . Previously Shimizu et al. (1982a Shimizu et al. ( , b, 1983 reported the isolation and characterization of ts mutants of influenza virus strain A/Udorn/72 which were classified into eight recombination groups, each corresponding to one genomic RNA segment on RMK cells. Mutants of recombination group H had ts lesion(s) in RNA segment 8, as indicated by segregation analysis, and were classified into four complementation groups on RMK cells (Shimizu et al., 1982b) . To elucidate the functions of the NS polypeptides, we have undertaken characterization of the defects in growth of these mutant viruses. In this paper, we analysed the synthesis of virusspecific RNAs and proteins in MDCK cells infected with two of these mutants, which had an amino acid substitution in the NS1 gene.
Methods
Viruses and cells. Temperature-sensitive mutants of influenza virus strain A/Udorn/72 (H3N2 subtype) which had defects in RNA segment 8 (group H mutants) were isolated from SP626, the wild-type E. Hatada and others parent, as described previously (Shimizu et al., t982a) . Viruses were grown in the allantoic cavity of 11-day-old embryonated chicken eggs for 2 days at 34 °C (Shimizu et al., 1982a) . MDCK ceils were grown in Eagle's MEM supplemented with 10~ foetal calf serum.
Complementation test.
Complementation tests were performed as described previously (Shimizu et al., 1982b) , except that MDCK cells were employed. The level of complementation was expressed as a complementation index defined as the ratio of the number of plaques formed after coinfection of two test viruses at 40 °C (non-permissive temperature) to the expected number of cells dually infected with these two viruses. Two viruses were considered complementation-positive on MDCK cells if the complementation index was greater than 0.1 as defined previously.
Cloning and sequencing of virus cDNAs. Cloning of the cDNAs of mutant RNA segment 8 was performed as described previously (Hatada et al., 1989) . The sequence of the cloned cDNAs was determined according to the method of Maxam & Gilbert (1980) . To confirm the base changes thus determined, viral RNA (vRNA; genomic) was directly sequenced by the chain termination method (Sanger et al., 1977) using AMV (avian myeloblastosis virus) reverse transcriptase. Primers used were 5' 32p-labelled restriction fragments of the cDNA which were situated near the changed bases.
Analysis of viral polypeptides. Subconfluent monolayers of MDCK cells were infected with the viruses (m.o.i. of about 3 p.f.u./cell). After 60 rain adsorption at 4 °C, the cells were rinsed twice with phosphatebuffered saline (PBS), overlaid with 5 ml prewarmed MEM and incubated at 34°C (the permissive temperature) or 40 °C. For radiolabelling of virus-infected cells, the culture medium was discarded and replaced with prewarmed methionine-free MEM containing 10 llCi/ml [3sS]methionine (sp. act. 1000 Ci/mmol) for 10 or 30 rain at either 34 °C or 40 °C. Immediately after labelling, or after chasing with excess methionine, the ceils were rinsed with PBS. They were then lysed directly in dishes and the cell lysates were subjected to electrophoresis on 17.5 % polyacrylamide gels followed by fluorography as described previously (Hatada et al., 1989) .
Isolation of RNA from infected cells. MDCK cells were infected with the viruses and incubated at 34 °C or 40 °C as described above. At various times, cells were chilled to 0 °C, and rinsed twice with cold PBS. From the washed ceils, total cellular RNA was isolated by the guanidinium/hot phenol method after lysing the cells directly in the dishes (Feramisco et al., 1982) . To separate the nuclear and the cytoplasmic RNAs from the infected cells, the cell lysates were prepared and fractionated into nuclei and cytoplasm as described by Enami et al. (1985) . The concentration of RNA was measured photometrically. Usually 100 lig RNA ws obtained from 1 x 107 cells per 85 mm dish.
Quantitative analysis of the virus-specific RNAs. Details of hybridization probes, RNA-RNA hybridization and quantitative analysis of the autoradiograms were described previously (Hatada et al., 1989) . Briefly fragments of the cDNAs of the eight genome segments were cloned in SP6 vectors (Melton et aL, 1984) . The 18 RNA probes for detection of three types of viral RNAs for each genome segment were prepared as follows. Those for detection of mRNA and cRNA (minus-sense probes) were obtained by transcribing the SP6 recombinant DNAs, which gave the intact 5" end sequence of vRNA. As mRNA lacks a copy of the sequence of about 16 nucleotides in length at the 5' end of vRNA, the hybrid formed between mRNA and a probe was shorter than that between cRNA and the probe. We could thus discriminate cRNA from mRNA on polyacrylamide gels. To distinguish the spliced mRNAs from their unspliced counterparts, full-length probes (Mf and NSf) were prepared for segments 7 and 8. Transcripts of the opposite strand of cDNAs (plus-strand probes) supplied the probes for detecting vRNA. As the nucleotide length of hybrids for each segment differed from one another, 16 plus-and minus-strand probes for the eight segments were combined into four groups. Based on saturation experiments for these probes, 100 fmol of each probe was found to be sufficient to attain the saturated level of hybrids with 2 ~tg of infectious cellular RNA, which contained at most 4 fmol of a viral RNA species.
The cellular RNA was mixed with a group of probes in a hybridization buffer (50 mM-PIPES pH 6.4, 0.4 M-NaCI, 1 mM-EDTA and 80~ formamide) (Berk & Sharp, 1978) and the mixture was heated for 5 min at 90 °C. RNA-RNA annealing was then performed for 3 h at 37 °C. At the end of the incubation, ice-cold T1 buffer (50 mu-Tris HCI pH 7.5, 5 mM-EDTA and 0.3 M-NaC1) containing 100 units RNase T1 was added, and the mixture was incubated for 60 min at 30 °C to digest non-hybridized single-stranded regions. It was further incubated for 30 min at 30°C in the presence of 0.6~ SDS and 50 p.g proteinase K, and extracted with phenol:chloroform (1:1). RNA was precipitated from the aqueous phase with ethanol and subjected to sequencing gel electrophoresis. The gels were then dried and exposed to Fuji X-ray films at -80 °C. The radioactivity of respective bands was estimated from the densitometric intensity of the autoradiograms, using a standard curve for the relationship between radioactivity and densitometric intensity.
Indirect immunofluorescence of virus-infected cells. Subconfluent
monolayers of MDCK cells grown on eight-well multitest slides (Nunc) were infected with viruses as described above (approx. 3 p.f.u./cell). At various times after infection, the cells were fixed with acetone for 10min at 0 °C, and analysed by the indirect immunofluorescence technique. Virus proteins were reacted with a monospecific rabbit antiserum to Escherichia coli-produced PR/8 NS 1 protein (Young et al., 1983) or with a monoclonal mouse antiserum to A/Udorn/72 nucleoprotein (NP) (Maeno et al., 1988) followed by fluorescein isothiocyanate-conjugated goat antibodies to the 7S IgG of rabbit or mouse (Hyland Laboratories), respectively. The anti-NS1 serum and the anti-NP serum were kindly provided by Dr P. Palese and Dr M. Maeno, respectively.
Materials. SP6 RNA polymerase was purchased from Takara Syuzo.
Sources of materialg used for cDNA cloning and enzymes for DNA manipulation were as described previously (Hatada et al., 1989) . 
Results

Complementation test on MDCK cells
Five ts mutants of recombination group H have been classified into four complementation groups on RMK cells (Shimizu et al., 1982b) . In this study, we carried out the complementation test on MDCK cells, which were used as the host in the biochemical characterization of these mutant viruses. As shown in Table 1 , four of these mutants were divided in two groups, H1 and H2. SPC45 and ICR1629 formed group H1, whereas ICR516 and UV1841 belonged to group H2, This result is in agreement with the genome structure of segment 8, which encodes two polypeptides. It should be noted, however, that ICR516 is a double-lesion mutant, having another lesion or lesions in RNA segment 3 (encoding the internal polymerase protein, PA) (Shimizu et al., 1983) . Both lesions contributed to the ts phenotype as revealed by the complementation test. So far we have isolated five mutants of complementation group H2, all of which were double-lesion mutants.
Nucleotide sequence analysis
To assign the mutations to each of the two polypeptides encoded by segment 8, we performed nucleotide sequence analysis of three mutants, ICR1629 (H1), SPC45 (H1) and ICR516 (H2). The ds cDNA copies of the mutant and wild-type segment 8 vRN As were cloned and sequenced. To confirm that the observed base changes really existed in vRNAs, we sequenced the mutant regions of vRNAs directly by the dideoxynucleotide chain termination method using reverse transcriptase (see Methods). The sequence of the wild-type cDNA agreed with that published previously (Lamb & Lai, 1980) . The results are summarized in Fig. 1 . For both ICR1629 and SPC45, a single base change was observed, each leading to an amino acid substitution in the NS1 coding region which was spliced out during the production of NS2 mRNA. The G to A transition of ICR1629 at base 420 causes an amino acid change of Ala to Thr at residue 132 of NS1, and the G to U transversion of SPC45 at base 212 causes an amino acid change of Lys to Asn at residue 62 of NS1. ICR516 had two base substitutions, one of which, a C to U transition at base 62, causes no change in the amino acid residue; it was noted, however, that the change is very near to the splicing junction (six bases downstream) (Lamb & Lai, 1980) . The other, a C to U transition at base 848, causes a Ser to Leu change at residue 117 of NS2 in the region downstream of the NSl-coding region. In this way we could obtain two ts mutants, ICR1629 and SPC45, specific to the NS1 protein and one, ICR516, specific to the NS2 protein. As ICR516 is a doubleqesion mutant (see above), further description of it is excluded in this paper. 2 shows the fluorograms of the gels. With the parent virus (SP626) both NP and NS1 proteins were synthesized in large amounts from early stages of the infection [they were synthesized predominantly from about 2 h postinfection (p.i.)], whereas the synthesis of matrix protein (M1) and haemagglutinin (HA) was not observed (data not shown). The pattern of late protein synthesis was characterized by the increased synthesis of M1 proteins as described previously (Inglis & Mahy, 1979) (in this strain, the synthesis of HA did not increase as much after 3 h p.i.). The synthesis pattern was similar at both temperatures, although the infection proceeded more rapidly at 40 °C. With both NS1 mutants, more or less the same pattern of viral protein synthesis as that of the parent strain was observed at 34 °C, although the time course was delayed. However at 40 °C, the synthesis of the M1, HA and NSI proteins did not increase and remained at a very low level until later in the infection (more than 8 h p.i., when the infected cells began to die). The synthesis ofM 1 and HA was impaired more severely than that of NS1. In contrast, the synthesis of NP and three polymerase proteins (PA, PB1 and PB2) at 40 °C was as much as that at 34°C. These observations indicate that the early stage of the protein synthesis was not ts in these mutant strains. The severely reduced synthesis of M1 and HA indicates that mutation in the NS1 gene affects the late protein synthesis. The decreased synthesis of NS 1 observed with the two mutants might be due to reduction in the synthesis rate and/or in the metabolic stability of the mutated NS1 proteins. To investigate this, pulse-chase experiments were carried out using a shift of the growth temperature between 34 °C and 40 °C. Although the NS1 of ICR1629 was stable, that of SPC45 was slightly unstable at either temperature when synthesized at 40 °C (data not shown). However, it was concluded that the reduction in the NS1 level of SPC45 was mainly attributable to a decreased synthesis rate of the protein. The NS2 protein could be observed from 4 to 5 h during the infection at 34 °C with all of these strains (Fig. 2, and data not shown) . However, NS2 synthesis was stimulated at 40 °C, and appeared from 2 h in the parent strain as well as in the two ts mutants in which the synthesis of the NS1 protein was greatly reduced. The stimulated synthesis of NS2 was attributable to the increased level of its mRNA at 40 °C (see below).
Synthesis of viral proteins
Synthesis of viral RNAs
For the next step, we measured the quantities of mRNA, cRNA and vRNA of the eight genome segments synthesized in MDCK cells infected with these mutant viruses using the quantitative hybridization system (Hatada et al., 1989) . Total cellular RNA was prepared from the other half of the infected cells as described in the above section. In Fig. 3 , autoradiograms are shown for each virus-specific RNA species accumulated 6 h p.i. Densitometry was performed on these autoradiograms and a time course of accumulation of three types of virusspecific RNAs was obtained for all genome segments. The time course is shown for segments 4, 5, 7 and 8 (Fig.  4) , representatives of early and late genes. The level of each virus-specific RNA species is expressed as the percentage of that of the vRNA of the same segment, which accumulated in cells infected with the wild-type virus at 5 h p.i. at 34 °C. The level of v R N A s for the m u t a n t s other t h a n those for the polymerase genes was already m u c h lower at 34 °C t h a n that for the parent. It was reduced at 40 °C not only with the m u t a n t s but also with the parent. The difference in the level at 40 °C, was not as great between the m u t a n t s a n d the parent. Consequently the ratio of the level at 40 °C to that at 34 °C was similar or rather higher for both m u t a n t s compared to the ratio for the parent. It was thus indicated that the v R N A synthesis was not the immediate cause of ts growth of the mutants. W i t h the m u t a n t viruses, however, the synthesis of v R N A was retarded, and started to increase from 4 h p.i. at both temperatures. The data for the c R N A synthesis were limited, but together with experiments not presented here, the levels of the c R N A s were not severely decreased at 40 °C for PB2, PB1, PA, M and n e u r a m i n i d a s e ( N A ) at least. The time course of accumulation of various viral m R N A s in both NS1 mutants was in striking contrast to the time course of the rate of synthesis of the respective viral proteins. I n Table 2, the relative values are shown, and represent the translation efficiency for the N P , M1, and NS1 m R N A s . With the mutant virus, the ratios for M1 or NS1 at 40 °C decreased to 10 to 20% of the ratios at 34 °C and of those of the parent virus. In contrast, the synthesis of N P protein was not impaired (70 to 80%). Interestingly the NS2 m R N A , which has the same 5' sequence as the NS1 m R N A , was translated at 40 °C as efficiently with the mutants as with the parent.
These observations suggest the involvement of the NS1 protein in controlling some post-transcriptional step(s) in the synthesis of the late viral proteins and the NS1.
To check the nucleo-cytoplasmic transport of the late m R N A s , the mutant-infected cells ( 5 h p.i.) were fractionated into nucleus and cytoplasm components. 
Intracellular localization of the mutated NS1 protein
The NS1 protein has been reported to accumulate in the nucleoplasm of infected cells (Krug & Etkind, 1973; Briedis & Lamb, 1981 ; D a v e y et al., 1985; Greenspan et al., 1988) . It has often been noted, however, that some strains induce NSl-specific nucleolar staining at later times in infection (Young et al., 1983; Buonagurio et al., 1984) . M D C K cells infected with the U d o r n strains were analysed by indirect immunofluorescence. Both mutants, as well as the parent strain, exhibited nucleoplasmic staining specific for NS1 during 3 to 5 h p.i. at 34 °C or 40°C. At 40°C, the NSl-specific staining always remained within the nucleoplasm until later in the infection with the parent strain. However SPC45 was observed to induce intense nucleolar staining of NS 1 late in infection (later than 5 h p.i.) (Fig. 6) , when another nuclear protein, NP, remained confined in the nucleoplasm (data not shown). Essentially the same results were obtained for ICR1629 (data not shown).
Discussion
R N A segment 8 of influenza virus codes for two nonstructural polypeptides, NS1 (Mr 26000) and NS2 (Mr 14000), which are found only in infected cells, but whose functions are not well characterized (Inglis et al., , 1980 Lamb & Choppin, 1979; Lamb & Lai, 1980) . Studies of ts mutant viruses have greatly aided in assigning functional roles to viral proteins (Mahy, 1983) . Previously Shimizu et al. (1982b) isolated 12 ts mutants with mutations in R N A segment 8. Two of the mutants, ICR1629 and SPC45, which belong to complementation group H1 in M D C K cells, have a single amino acid substitution in the NSl-coding region. In M D C K cells infected with these NS1 mutants, the syntheses of M1, HA and NS1 were severely reduced at the nonpermissive temperature, whereas synthesis of NP and probably of the three polymerase proteins as well was not affected appreciably.
We analysed the synthesis of each virus-specific R N A (26 species in all) in these mutant virus-infected cells employing a quantitative hybridization system. The vRNAs of the mutants as well as the parent were lower at 40 °C than at 34 °C, but at 40 °C the mutant levels were similar to the level of the parent. The synthesis of the cRNAs was not severely decreased at 40 °C. These results indicate that the ts phenotype of these mutants (ratio of p.f.u, at 40 °C to that at 34 °C, which is less than 10 -4) (Shimizu et al., 1982a) is not attributable to the defect(s) in the synthesis of v R N A or cRNA. It must be noted that the v R N A synthesis was already reduced for both mutants at 34 °C, and its time course was delayed at both temperatures. We could not ascribe these non-ts abnormalities to the NSI mutations. It is, however, possible that we could do this, because two fowl plague virus (FPV) NS1 mutants, tsC47 and tsCmN3 (see below) were defective in vRNA synthesis (Wolstenholme et al., 1980) . It has been proposed that secondary transcription is coupled with the synthesis of vRNAs (McCau|ey & Mahy, 1983) . Accordingly, due to the delayed synthesis of vRNAs, the time course of accumulation of mRNAs was retarded at both temperatures. Their level increased thereafter, becoming higher at 40 °C than at 34 °C, except for HA mRNA, and attained the level of the parent. Our observations are in agreement with two FPV NS1 mutants, tsC47 and tsCmN3, for which viral mRNA was measured as a whole (Wolstenholme et al., 1980) . With our two NS1 mutants, all viral mRNAs including those encoding the M1, HA or NS1 proteins accumulated in sufficient amounts at 40 °C, yet the synthesis of these proteins was severely reduced. These observations suggest that cells infected with our NS1 mutants were defective at 40 °C in some post-transcriptional processes involved in the synthesis of late proteins. One possibility was a block in the transport of the viral mRNAs from nucleus to cytoplasm, as shown in the case of actinomycin D inhibition (Mark et al., 1979) . The intracellular distribution of M1 mRNA in cells infected with these mutants at 40 °C gave no evidence for retention of RNA in the nucleus (Fig. 5) .
It has been demonstrated that influenza virus establishes a virus-specific translation system in infected cells (Katze et al., 1986) . If there is a shortage of the initiation factor eIF2, the synthesis of M1 and NSl proteins are compromised, whereas that of the NP protein is more resistant, as demonstrated in both in vivo and in vitro experiments (Katze et al., 1986) . The inhibition pattern of the viral protein synthesis resembles that exhibited by these NSI ts mutants at the non-permissive temperature (Fig. 2) . Influenza virus induces a specific translational control mechanism to prevent the depletion of functional eIF2, ensuring that protein synthesis initiation is not compromised during the infection. The induction is sensitive to an inhibitor of protein synthesis (Katze et al., 1988) . One can speculate that the NSI protein participates in the control mechanism. In that case, it may work indirectly interacting with some nuclear factors, as the NSl protein is localized in the nucleus of infected cells.
The defects of these mutants in viral protein synthesis are similar to those of three ts mutants of FPV carrying mutations in segment 8:tsC47 [Trp(202)-,nonsense in NS1, Gly(46)--~Glu in NS2], tsCmN3 [Ser(42)-@ro in NS1] (previous designations, ts47 and tsmN3, respectively) Robertson et al., 1983; Smith & Inglis, 1985) , and tsG412 (not sequenced) (Koennecke et al., 1981) . Contrary to these three FPV mutants, both of our N SI mutants were defective in the synthesis of the NSI protein itself at the restrictive temperature. In the case of SPC45, the reduced level of NSI is also due to the decreased stability of the mutated NS1 protein synthesized at 40°C. The procedure of Chou & Fasman (1978) predicts that the substitution of Asn for Lys(62), which lies within a stretch of e-helical structure, introduces//-turn structure at the substitution locus, thus leading to the unwinding of part of the e-helix. The structural change may affect the folding of the NS1 protein at 40 °C. On the other hand, no obvious effect could be predicted for the secondary structure of the ICR1629 NSl protein.
Production of the NS2 protein decreases for two NS mutants, tsC47, tsCmN3, whereas it is normal for three, tsG412, SPC45 and ICR1629 (Wolstenholme et al., 1980; Koennecke et al., 1981; Robertson et al., 1983) . Smith & Inglis (1985) found that splicing of the NS transcripts to produce NS2 mRNA depended on a transacting factor or factors which accumulated in the virusinfected cells but not in the tsCmN3-infected cells. In contrast, with our two NS1 mutants we could detect stimulated levels of NS2 mRNA at the non-permissive temperature. One possible explanation is that the NS1 has multiple functional domains, one of which controls the splicing of the NS transcripts. The domain is not impaired in either of our mutants. The elevated level of NS2 mRNA for all strains at 40 °C suggests that the splicing machinery is stimulated, or its control is derepressed, at a higher temperature.
